A III-V semiconductor photonic crystal (PhC) waveguide is integrated into a semiconductor optical amplifier (SOA); this has the potential to reshape pulses that are distorted and chirped on propagation through the SOA. The PhC waveguide is modeled using the three-dimensional (3D) finite difference time domain (FDTD) method initially for the ideal case of infinite depth holes, and this shows a ministop band close to 1600 nm. The PhC waveguide is then fabricated into a commercial SOA using focused ion beam etching. The optical power measured at the output of the PhC-SOA waveguide shows evidence of a ministop band but with a small stopband depth. More realistic 3D FDTD modeling including effects of finite hole depth and vertical layer structure is then shown to give much better agreement with measured results. Finally predictions are made for the performance of a membrane structure.
INTRODUCTION
A photonic crystal (PhC) is a novel class of artificial material in which the propagation of light is controlled using a strong periodic modulation of the refractive index [1] . In the last decade, a large variety of unique functionalities for PhCs have been reported, such as low-loss guiding, slow light, and large group velocity dispersion (GVD) [2] [3] [4] [5] [6] [7] . The light confinement and control offered by PhCs can be used to enhance the performance and reduce the size of many important optical components, such as lasers, semiconductor optical amplifiers (SOAs), and switches. In particular, PhC waveguides possessing ministop bands (MSBs), caused by mode coupling, have a number of interesting applications [8, 9] . It has been shown that MSBs can perform pulse compression for both linear [10] and nonlinear chirped pulses [11] . In [12] it is shown that the negative group delay or fast-light phenomenon that occurs within the MSB is the major contributor to the pulse compression effect. Previous modeling work [11] has shown that there is potential for dispersion compensators to be integrated at the output of an SOA or laser to correct for, or even predistort, chirped output pulses. This paper presents results for what is believed to be the first attempt to postprocess a PhC waveguide into a commercial SOA. SOAs and PhCs have been combined before using more conventional wafer scale processing [13, 14] . The devices used in this paper are commercial grade SOAs and have been supplied by Dublin City University and are from Amphotonix Ltd. The PhC waveguide is designed to work near to the optical communication wavelength of 1550 nm and has been fabricated using focused ion beam (FIB) processing, prior to wafer scale electron beam processing [15] [16] [17] [18] [19] . FIB processing is a rapid and maskless nanofabrication technique that has been widely used in optics and optoelectronics to create device prototypes. Some advantages of FIB processing that make it unique for micro and nanofabrication are real-time imaging of the sample through secondary electron emission before, during, and immediately after etching and the accurate visual positioning of etch patterns on the samples. However, the high energy nature of FIB processing can sometimes cause damage to devices, but this can often be reduced or recovered using techniques such as gas assisted etching or annealing. In the work presented here a strong damage process is occurring within the etched PhC region such that after a number of hours the PhC pattern is no longer present. At this stage it is unclear whether this is related to oxidization or thermal processes; however, there is sufficient time to carry out a postetch measurement and interesting results have been observed. Potential passivation schemes are being investigated, but it is felt that electron beam lithography of complete SOAs with an integrated PhC section would be the best route to follow.
The rest of the paper is organized as follows. In Section 2 the PhC waveguide with an MSB near 1550 nm is modeled using the three-dimensional (3D) finite difference time domain (FDTD) method in the ideal case of infinite depth holes. In Section 3, an FIB fabrication process for the PhC-SOA is introduced and shows that a PhC can be fabricated, albeit with limited lifetime. In Section 4, SOA transmission measurement results are shown at different temperatures and injection currents for each step of the fabrication process. In Section 5 further 3D FDTD modeling is carried out on more realistic device structures, and finally the performance of a membrane PhC waveguide is predicted.
THREE-DIMENSIONAL FDTD MODELING (I)
The modeling procedure uses modal FDTD [12] ; here the fundamental TE mode of the SOA waveguide structure is launched into the FDTD simulation and overlap integrals can be performed with respect to this mode, which give accurate magnitude and phase responses. A full 3D simulation is carried out; Fig. 1(a) shows the top view of the structure and Fig. 1(b) shows a schematic cross section of the structure. The structure investigated here is a simplified version of that which will be fabricated and modeled later in the paper. This is a useful starting point for modeling since it is very idealized with "infinite" depth holes. The holes are shown passing vertically through the whole structure, and thus as far as the mode in the waveguide is concerned they are essentially "infinitely" deep. It should also be pointed out that this structure could be fabricated directly by more conventional electronic beam lithography techniques [13] that can achieve deep vertical holes but which require wafer scale processing. However, using FIB techniques some modifications to the structure are required but with the advantage that processing is very rapid and is done on a chip-by-chip basis. This structure is also straightforward to model in two-dimensions (2D) using the effective index method, and as will be seen later in this section this allows useful results to be obtained. To reduce the simulation RAM and run time requirements, the fact that the structure is symmetrical can be used to reduce the problem size. It is well known that if is a structure is symmetrical and is excited by a symmetrical mode then all the solutions must be symmetrical. This enables a perfect electric conducting (PEC) boundary to be placed at the center of the waveguide and only the lower half of the structure to be simulated without altering the results. This is only true for TE mode excitation; for TM mode excitation a perfect magnetic boundary would be required. The light propagates along the ⌫-K direction and the PhC has a lattice constant a = 480 nm and a radius r = 158 nm. The vertical spacing between rows has been adjusted slightly from 416 to 420 nm in order to match the FDTD grid. In this case the width of the waveguide has been increased from W 3 ͑1.66 m͒ to W 3.6 ͑2 m͒ in order to obtain an MSB in the region of 1550 nm [20, 21] .
Dimensions and refractive indices of the active region have been approximated from more detailed data from Amphotonix. The waveguide is tapered as it approaches the facet from 1.4 to 0.4 m for mode matching purposes. Since the PhC waveguide is much shorter than the length of the taper, the effect of tapering has not been included and a width of 500 nm has been chosen.
Variable meshing is used with minimum mesh sizes of ⌬x = 19.23 nm, ⌬y = 20 nm, and ⌬z = 20 nm; this results in a run time of around 1.5 on a Pentium 4 and requires 800 MB of RAM. The waveguide is excited by the fundamental TE mode at the input of the structure shown by the dashed line in Fig. 1 and 2 shows the spatial distribu- tion of the real part of E x for the mode in a straight nonPhC waveguide. The transmission response of the structure is calculated by first performing a simulation with a simple straight waveguide and no PhC present in order to remove the effects of reflection from the PhC waveguide. The input intensity is calculated by taking an overlap integral with respect to the fundamental mode at the input. A fast fourier transform (FFT) is performed on these data to convert to the frequency domain. This procedure is repeated at the output of the guide with the PhC waveguide present. The ratio of these two intensities gives the transmission coefficient. Figure 3 shows the FDTD transmission response, and the MSB is clearly observed near 1610 nm. Since this is a 3D calculation out-of-plane losses will be occurring, and this accounts for the general level of "background" loss of around 1.5 dB and the limited depth of the MSB. The background loss will be caused by scattering at the transition from the SOA waveguide to the PhC-SOA waveguide. This could be improved by tapering the input and the output of the PhC waveguide. The MSB can be made deeper by increasing the length of the device and increasing the number of rows of holes in the sidewalls. To confirm that this is indeed an MSB a 2D plane wave expansion calculation is performed using MPB [22] . For this calculation we have used the effective index method to reduce the 3D structure to 2D, and we have used a 1D mode solver to determine the effective refractive index of the central active region. We have used a value of n = 3.24 for the active region and n = 3.16 for the nonactive regions. The results are shown in Fig. 4 , and it can be seen that the MSB occurs at a / = 0.2985, which gives = 1608 nm for a lattice constant of 480 nm. This is very close to the 3D FDTD results, and the slight difference is caused by the inaccuracies inherent in the effective index approximation.
MSBs are particularly sensitive to sidewall thickness due to the fact that they rely on higher order modes that tend to be much more extended than the fundamental mode. Section 5 will show in more detail how the depth of the MSB can be controlled. Having obtained an MSB within the operating band of the SOA, FIB processing is now used to implement this within the device.
FABRICATION
The SOAs being used are commercial grade devices that have been fully characterized prior to shipping and are mounted and wire bonded to an aluminium nitride submount. Figure 5 shows an FIB image of the device prior to processing.
The SOAs are angled facet devices with a buried InPInGaAsP heterostructure active region. This makes them ideally suited to FIB processing since the beam does not have to directly etch through the active region. A FIB cross section of the SOA, which is shown in Fig. 6 , can be used to find the accurate position of the active region and thus as a reference to align the holes on both sides of the channel. A two stage etching procedure is then carried out; this is required because when doing direct FIB etching, sidewall verticality can be difficult to maintain for very deep holes. Thus material is removed from above the active region-termed a trench etch-such that 1 m deep holes, which are achievable using FIB, can be etched, which will overlap a large proportion of the optical mode. Figure 7 shows a schematic cross section of the trench etch with a depth of 2.3 m, which produces a very flat surface that is 200 nm above the active region. The device is rotated through 90°in order to perform this etch and the current used is 350 pA. Figure 8 shows the FIB image of the SOA after etching the trench; it is seen that a very smooth flat area is achieved in preparation for etching the PhC.
Having created a flat surface approximately 200 nm above the active layer the PhC waveguide can now be etched into the device. The structure is etched into the SOA using a low beam current of 11 pA. Figures 9 shows a 3D view of the structure. Due to a mask generation error, the fabricated structure is slightly longer than the modeled one at 19 holes (8.64 m center-to-center) rather than 17 holes (7.68 m center-to-center) as in Fig. 1(a) . This will only have a minor effect on the results since adding a further two rows of holes will create a very slightly deeper MSB but will have little effect on the MSB position or bandwidth as seen in the detailed study of length effects in [12] . A critical part of the PhC etching process is placing the PhC waveguide symmetrically about the active region, and a procedure has been developed for this. First, a cross section of the SOA is done, as shown in Fig. 6 , in a test sample to find the accurate position of the buried heterostructure. Then the distance from the active region to the edge of the ridge can be measured as shown. A new SOA device is then mounted and an alignment mark is placed 3.8 m away from the right side of the ridge by using a 9 pA beam to show the position of the active region. The alignment accuracy is estimated to be ±50 nm for this procedure. The final etched device showing the alignment mark is shown in Fig. 10 . Figure 10 shows that a well defined set of holes have been etched. An 11 pA beam current is selected to drill the holes in order to maintain good hole profiles [16] . However the rows of holes closest to the active region must be etched very carefully such that they do not overlap with the active region in order to reduce damage to the quantum wells. In this paper, we designed the width of the line defect of the PhC waveguide to be 2 m; future designs will be made with wider waveguide cores such that the tolerances of the alignment procedure can be relaxed. This will impact the spectral width and position of the MSB, and thus a reoptimization of the PhC waveguide in terms of lattice constant and r / a ratio will be required.
MEASUREMENT
A schematic of the measurement setup is shown in Fig.  11 . A tunable laser source is used to measure the transmission response of the device. Prior to etching, the devices have been measured using a cleaved facet single mode fiber (SMF) to couple light into and out of the device. Ideally these would be lensed fibers, however, these were unavailable at the time of measurement; this results in poor coupling efficiency and thus low gain for the de- vices. The output power is read by the power meter. A laser diode controller is used to inject current into the sample and in combination with a Peltier cooler keeps the working temperature as required. The measurement is performed by computer control by connecting the tunable laser, power meter, and temperature controller to the desktop via general-purpose interface bus (GPIB). The temperature dependence of the L -I curve of an unetched device is measured and shown in Fig. 12 in the range of 10°C-20°C with P in = −10 dBm. These curves show the expected trend of reducing gain at a higher temperature [23] .
The output power as a function of wavelength was then measured and is shown in Fig. 13 with I = 200 mA, T = 20°C, and P in = −10 dBm. It can be seen that no gain is being obtained due to a poor coupling efficiency. However, in this paper, relative performance before and after etching is the main criterion. The output power of the device was then re-measured after etching the trench and is also shown in Fig. 13 . It can be seen that in fact better performance is being obtained now, but there will be 1 -2 dB repeatability in these types of measurements due to fiber alignment. The main point to observe is that no major degradation in performance has occurred.
After drilling the holes into the output of SOA, the device is then remeasured and the results are shown in Fig. 14. It can be seen that a distinct "dip" is observed around 1539 nm, and it is believed that this is an MSB feature. This measured feature is different from the one shown in Section 2. This is due to a number of factors as will be discussed later in Section 5.
Tunability of such a notch feature would be very useful, and tuning of semiconductor optoelectronic devices [23, 24] and PhCs [25] [26] [27] [28] has been investigated by a number of workers. To this end measurements have been taken at two different current levels both with T =20°C and P in = −10 dBm. Figure 14 shows that the notch wavelength can be tuned over 2 nm for a 100 mA change in bias current. The tuning mechanism here is likely to be a carrier induced refractive index change, and this has been widely used and studied as a tuning mechanism in semiconductor devices [24] . Another widely used mechanism is temperature tuning [25] and evidence of such tuning has been observed in Fig. 15 . The amount of tuning observed is consistent with 0.1 nm/ C as shown in [25] . Future work will attempt to optimize the amount of tuning achievable.
Unfortunately the MSB feature has a limited lifetime in that after around 10 h the notch feature disappears and further inspection of the device as shown in Fig. 16 shows that the holes defining the PhC waveguide are no longer present. The device has been remeasured and the output power is shown in Fig. 17 ; it can be seen that much lower output power is now being obtained. It is not clear at this stage what is causing this damage, but it may be a type of oxidization or thermal effect that is damaging the hole structure and then when viewed in the FIB the beam is removing the damaged material and hence the holes. It may be possible to use a passivation procedure to reduce the damage, but wafer scale E-beam processing, which is now well established in material systems such as this, would suffer much less from these types of damage effects.
THREE-DIMENSIONAL FDTD MODELING (II)
The measured results in Section 4 have shown evidence of an MSB feature. The main discrepancy with the initial 3D modeling results is that the depth of the notch is orders of magnitude less in the measured case. There is also a wavelength shift in the measured results. This section seeks to improve the agreement by using a more realistic model for the device. The first feature to be introduced is finite hole depth as shown in Fig. 18 . It is believed that the holes are etched approximately 1 m below the surface of the trench. Thus the depth has been reduced and two different depths 1 m ͑h = 500 nm͒ and 1.158 m ͑h = 658 nm͒ have been modeled. The results are shown in Fig. 19 . It can be seen that the MSB has reduced in depth from approximately 5 to 2 -3 dB. This reduction is caused by light leaking out beneath the holes as a consequence of the large mode size due to the relatively weak confinement in the active region; such effects have been studied in detail by a number of workers [29, 30] . It can also be seen that there is approximately a 0.6 dB reduction in depth of MSB when going from h = 0.658 to 500 nm.
The next important feature added to the model is the effect of the air trench that has been shown in Fig. 9 . This brings air to within 200 nm of the active region and thus will have a large impact on the guided modes. Figure 20 shows the modeled results for this case.
These results show two effects; first the depth of the MSB is further reduced to 0.7 dB for h = 658 nm and 0.5 dB for h = 500 nm, and the wavelength has shifted to the region of 1580 nm. The reduction in depth is caused by the presence of the air trench shifting the mode further down into the structure resulting in more leakage of light beneath the holes. This is confirmed when full depth holes are modeled and the depth of the MSB returns to almost the same level as in Fig. 3 . The shift down in wavelength is mainly caused by the presence of air reducing the effective index of the structure producing a reduction in the MSB wavelength. The position of the anticrossing in the band structure that produces the MSB will also be sensitive to the geometry of the holes, hence the shift in wavelength between h = 658 and 500 nm. There is a further feature that the general background loss has increased to 4 dB. This is due partly to the fact that there will be more scattering loss in the transition from the SOA waveguide to the air trench PhC waveguide. However, part of this loss is also numerical due to the fact that the air trench extends to the end of the waveguide into the region where the overlap integrals are calculated. These overlaps refer to the fundamental mode of the SOA waveguide, and the air trench will therefore introduce an inaccuracy here. The alternative is to not the let the air trench go into the overlap calculation region, however, this will result in a scattering loss of a second transition and Fabry-Perot oscillations that are not occurring in the real device. The solution to this is to allow overlaps between arbitrary modes to be calculated; it is hoped to implement this in our code in the near future.
These results are now much closer to the measured ones, and the further reduction in depth of the MSB could be due to the holes being slightly shallower than 1 m and the trench being closer than 200 nm to the active region. A slightly deeper trench will also shift the MSB wavelength closer to the measured one. Also it should be noted that lossless dielectrics have been used in this model; in reality there will be material losses that will affect the MSB depth. The fact that the measured device is 19 holes long rather than 17 will only have a very minor effect on the depth and the position of the MSB [12] .
The modeling has shown that the fabrication approach here leads to a much reduced MSB depth and much deeper holes would be needed to obtain the results as shown in Fig. 4 . These depths-around 3 -4 m deephave been achieved for GaAs and InP based PhC devices using E-beam processing. An alternative route is to consider a membrane structure, where an air undercut is introduced into the structure beneath the active region. This can also be fabricated using the FIB or E-beam processing using sacrificial layers. The 3D model can be used to predict the performance of such a device. To this end an air undercut was introduced 200 nm below the active region; the results for this are shown in Fig. 21 . Figure 21 shows that the strong vertical confinement recovers some of the MSB depth; however the scattering loss at the transition is slightly higher now at around 5 dB. Tapering will help this to some extent, but it is hoped that the gain available in the SOA will be sufficient to offset these losses.
CONCLUSIONS
This paper has presented the integration of a PhC waveguide into an SOA. The 3D FDTD method has been used to design an MSB close to 1600 nm, and this has been shown previously to enable pulse reshaping and compression to be performed. The PhC waveguide is realized by means of FIB etching, which can achieve 1 m deep holes with a reasonable hole profile. Experimental data are obtained and the results suggest the existence of an MSB feature; 3D FDTD is then used to include more realistic device features, such as finite hole depth and the air trench etch, and this shows much better agreement with measured results than initial modeling. The 3D modeling highlights the problem of out-of-plane losses in weak vertically confined systems and modeling of a membrane structure shows that a reasonable MSB can be obtained for this case. In terms of fabrication, annealing and passivation will be investigated in the future to recover the damage induced by the FIB etching.
